Inositol-based signaling molecules are central eukaryotic messengers and include the highly phosphorylated, diffusible inositol polyphosphates (InsPs) and inositol pyrophosphates (PP-InsPs). Despite the essential cellular regulatory functions of InsPs and PP-InsPs (including telomere maintenance, phosphate sensing, cell migration, and insulin secretion), the majority of their protein targets remain unknown. Here, the development of InsP and PP-InsP affinity reagents is described to comprehensively annotate the interactome of these messenger molecules. By using the reagents as bait, >150 putative protein targets were discovered from a eukaryotic cell lysate (Saccharomyces cerevisiae). Gene Ontology analysis of the binding partners revealed a significant overrepresentation of proteins involved in nucleotide metabolism, glucose metabolism, ribosome biogenesis, and phosphorylation-based signal transduction pathways. Notably, we isolated and characterized additional substrates of protein pyrophosphorylation, a unique posttranslational modification mediated by the PP-InsPs. Our findings not only demonstrate that the PP-InsPs provide a central line of communication between signaling and metabolic networks, but also highlight the unusual ability of these molecules to access two distinct modes of action.
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inositol pyrophosphates | affinity reagents | protein pyrophosphorylation | signal transduction | metabolism S ignal transduction pathways and metabolic circuits are essential for cell homeostasis and survival. These two types of networks have historically been viewed as separate entities, but it is becoming increasingly clear that they must be coordinately regulated. Indeed, growth factor-stimulated signaling pathways can promote the metabolic activity of the cell (1) . Conversely, the activity of signaling proteins can be controlled by specific metabolites (2) , either by allosteric mechanisms or via nutrient-sensitive covalent modifications, such as acetylation (3) and glycosylation (4) .
The highly phosphorylated inositol polyphosphates (InsPs), and in particular the inositol pyrophosphates (PP-InsPs), are primed to provide additional junctures between signaling and metabolic networks (5) (6) (7) . A cascade of phosphorylation reactions converts the secondary messenger inositol trisphosphate (InsP 3 ) to the fully phosphorylated inositol hexakisphosphate (InsP 6 ) (8) . Subsequent action of inositol hexakisphosphate kinases (IP6Ks) and diphosphoinositol pentakisphosphate kinases (PPIP5Ks) furnishes the PP-InsP messengers, a unique class of signaling molecules containing one or two high-energy phosphoanhydride bonds (Fig. 1A) (6, 7, 9) . A number of studies have indicated a central role for PP-InsPs in metabolic reprogramming and phosphorylation-based signaling at the cellular and organismal level. For example, the biochemical properties of the IP6Ks confer an "energy sensing" function onto these enzymes (10) . Because the IP6Ks have a K m for ATP between 1.0 and 1.4 mM-concentrations that are similar to the intracellular ATP levels-the biosynthesis of 5PP-InsP 5 is a direct reflection on cellular ATP concentration (11) (12) (13) . In the eukaryotic model organism Saccharomyces cerevisiae, PP-InsPs were shown to regulate cellular energy expenditure by altering the metabolic flux through glycolysis vs. oxidative phosphorylation, a mechanism that appears to be conserved in mammalian systems (14) . In addition, mice lacking the enzyme IP6K1 manifest insulin sensitivity and are resistant to high-fat-diet-induced obesity (15, 16) . The observed phenotypes were explained, in part, by an inhibitory activity of 5PP-InsP 5 , the enzymatic product of IP6K1, toward the protein kinase Akt (16) .
Although this last example provides an intriguing mechanistic hypothesis, in most cases, the PP-InsP-dependent molecular mechanisms and their direct targets have not been identified. Analogous to the phosphatidylinositol lipid messengers, the InsPs and PP-InsPs can exert their pleiotropic functions by binding to protein targets. This mechanism is well characterized for InsP 3 (17) , and also for inositol tetrakisphosphate (InsP 4 ), inositol pentakisphosphate (InsP 5 ), and InsP 6 , a number of examples exist in which the small molecules serve as important signals or structural cofactors (18) (19) (20) . Two recent examples of PP-InsP-interacting proteins include the regulation of casein kinase 2 (CK2) (21) and synaptotagmin (Syt1) (22) by 5PP-InsP 5 , but canonical binding domains have not been elucidated.
Adding an additional layer of complexity, the PP-InsPs have the ability to transfer their β-phosphoryl group onto phosphoproteins, a process termed protein pyrophosphorylation (Fig. 1B) (23, 24) . Pyrophosphorylation is thought to be enzyme-independent, but requires the presence of divalent cations, preferably magnesium ions. This novel posttranslational modification has proven difficult to detect and can presently only be visualized by using radiolabeled PP-InsPs in an in vitro pyrophosphorylation reaction.
Significance
Inositol polyphosphates and pyrophosphates are ubiquitous eukaryotic messengers and are involved in numerous cellular processes, including insulin signaling and cell migration. Nevertheless, annotation of the specific signaling events underlying these processes has been stymied by the lack of suitable tools. By applying chemically synthesized affinity reagents, we comprehensively annotated inositol polyphosphate binding proteins in the model organism Saccharomyces cerevisiae, revealing a role for these molecules in nucleotide metabolism, ribosome biogenesis, and phosphorylation-based signaling. Furthermore, the reagents enabled the magnesium-dependent isolation of targets of protein pyrophosphorylation, a posttranslational modification mediated by the inositol pyrophosphates. The protein targets are diverse in function and highlight the complex regulation of cellular signaling and metabolic networks by inositol pyrophosphates.
As a result, a mere handful of pyrophosphorylation targets have been characterized (14, 23, 25, 26) .
To identify the cellular targets of highly phosphorylated inositols, we describe the development of specific InsP/PP-InsP affinity reagents, by coupling InsP 6 and a nonhydrolyzable analog of 5PP-InsP 5 to a solid phase resin. Application of these reagents to S. cerevisiae cell lysates uncovered >150 proteins as putative InsP 6 and 5PP-InsP 5 interaction partners. Remarkably, the presence or absence of magnesium ions had a profound effect on the protein-binding properties of InsP 6 and 5PP-InsP 5 : When cellular concentrations of magnesium were present, the affinity reagents isolated known and novel substrates of protein pyrophosphorylation. Gene Ontology (GO) analysis of InsP 6 and 5PP-InsP 5 targets revealed a significant enrichment of proteins involved in ribosome biogenesis and nucleotide metabolism. Our results provide a picture in which the InsPs/PP-InsPs function to establish communication between phosphorylation-based signaling pathways and the cell's metabolic machinery. 6 and 5PP-InsP 5 Affinity Reagents. Affinity-based probes have been widely used by the inositol community, in particular, to identify interactions between phosphatidyl inositols and their protein targets (27) (28) (29) (30) (31) . Furthermore, immobilized InsP 6 has enabled the identification of two enzymes involved in InsP biosynthesis (12, 32, 33) and allowed for affinity capture of the Ku protein, a required factor for nonhomologous end joining (34) . Most recently, tethered InsP 6 was used to characterize putative cytosolic targets from a colonic carcinoma cell line (35) . However, a comprehensive annotation of cytosolic and nuclear InsP 6 -and 5PP-InsP 5 -interacting proteins has been lacking. We therefore pursued the synthesis of resin-bound InsP 6 and 5PCP-InsP 5 , a diphosphoinositol polyphosphate analog containing a nonhydrolyzable bisphosphonate group in the 5-position. Our group previously reported the synthesis of 5PCP-InsP 5 , and we showed that the bisphosphonate analog closely resembled the natural molecule, both structurally and biochemically, while exhibiting increased stability toward hydrolysis in a cell lysate (36, 37) .
Results

Synthesis of InsP
The synthesis of InsP 6 affinity reagent 1 started from a racemic mixture of alcohol 4, which can be obtained from myoinositol in three steps (Scheme 1A and SI Appendix, Scheme S1A) (38, 39) . Next, phosphoramidite 5 (SI Appendix, Scheme S1B) was coupled to the inositol ring, followed by oxidation with meta-chloroperoxybenzoic acid. The acid labile protecting groups of 6 were hydrolyzed, and the resulting pentol was phosphitylated with o-xylylene N,N-diethylphosphoramidite (7) and oxidized. Subsequent hydrogenolysis in the presence of sodium bicarbonate removed the o-xylyl, benzyl, and carboxybenzyl protecting groups and afforded sodium salt 9: a molecule of InsP 6 with a polyethylene glycol (PEG) linker attached at the 2-position. The primary amine on the PEG linker was coupled to N-hydroxysuccinimide (NHS)-activated Affi-Gel 15 beads in buffered Hepes solution to yield InsP 6 affinity reagent 1 (Scheme 1A).
To obtain the corresponding 5PCP-InsP 5 affinity reagent, we used compound 10, which we reported as an intermediate in the synthesis of 5PCP-InsP 5 (Scheme 1B) (36) . Attachment of the PEG linker proceeded smoothly to afford 11. Removal of the ketals was followed by phosphitylation/oxidation, and the o-xylyl, carboxybenzyl, and benzyl groups were cleaved via hydrogenolysis. The resulting primary amine was coupled to NHS-activated Affi-Gel 15 to provide the 5PCP-InsP 5 affinity reagent 2 (Scheme 1B). Lastly, to account for the effects of nonspecific binding to either the resin or the linker, we synthesized control reagent C, which contains the same Affi-Gel 15 resin and PEG linker as reagents 1 and 2 (Scheme 1C). In addition, control reagent C bears a negatively charged phosphate head group, so that nonspecific electrostatic interactions can be detected in subsequent experiments (SI Appendix, Scheme S1C).
Validation of Affinity Reagents and Application to S. cerevisiae Cell Lysates. We next evaluated the binding specificity of reagents 1, 2, and C, using the protein human diphosphoinositol polyphosphate phosphohydrolase 1 (hDIPP1). hDIPP1 is a phosphatase that removes the β-phosphoryl group from various PP-InsP substrates (40) , and hDIPP1 is known to interact strongly with 5PP-InsP 5 , 5PCP-InsP 5 , and InsP 6 (37, 41) . When recombinant GST-and His-hDIPP1 were exposed to reagents 1, 2, and C, the proteins were retained by reagents 1 and 2, but not by control reagent C (Fig. 2A) . After three washes with buffer, the beads were treated with excess InsP 6 (or 5PCP-IP 5 ; SI Appendix, Fig. S1 ) for effective elution of the bound proteins. In a subsequent experiment, 5 μg hDIPP hDIPP of GST-and His-hDIPP1 were premixed with a cell lysate from S. cerevisiae at two different concentrations (0.1 and 1 mg/mL). The mixtures were applied to reagents 1, 2, and C, followed by buffer washes and elution. Reagents 1 and 2 remained efficient at binding and retaining the GST-and His-hDIPP1 proteins in the presence of an excess of cell lysate, confirming a strong and specific interaction between the hDIPP1 proteins and the affinity reagents.
After validation, we wanted to identify native InsP 6 -and 5PP-InsP 5 -interacting partners from a eukaryotic proteome. S. cerevisiae was our model organism of choice, because much of the initial characterization of inositol polyphosphate and pyrophosphate biology relied on the use of this system. Equal amounts of yeast cell lysate were applied to reagents 1, 2, and C, followed by three washes with buffer (Fig. 2B ). Because the InsPs have a high propensity for coordinating metal cations, and in particular form strong complexes with magnesium ions (42) (43) (44) , magnesium concentrations were kept constant at 1 mM (corresponding to the approximate concentration of freely available cellular Mg 2+ ) during affinity enrichment, wash steps, and elution. The eluted fractions were resolved by SDS/PAGE, and the gel lanes were excised. After digestion with trypsin, the samples were analyzed by high-resolution mass spectrometry, and peptide and protein assignments were made through searching the liquid chromatography-tandem MS data against the Saccharomyces Genome Database (45) . In total, we found 89 proteins that were enriched fourfold or higher, as assessed by their relative spectral counts, by reagent 1 or 2 compared with control reagent C (Dataset S1). Of those 89 proteins, 53 were not detected in the control sample at all. We observed no correlation between the estimated cellular 
12
O NHCbz concentrations of these proteins and their relative abundance following isolation in our experiments (SI Appendix, Fig. S2 ), further indicative of selective enrichment. In addition, a replicate run showed a high degree of overlap (70 of 89) between two fully independent experiments (Dataset S1).
Interestingly, a distinct preference for InsP 6 or 5PCP-InsP 5 binding was only apparent in a few cases, and the majority of isolated proteins appeared to display comparable affinities toward 1 and 2. It is possible that the protein-binding properties of these two molecules are highly alike because of their similar charge and structure and that the major difference in signaling properties between InsP 6 and 5PP-InsP 5 stems from the fact that 5PP-IP 5 can participate in phosphoryl-transfer chemistry. Alternatively, because InsP 6 has long been viewed as an important structural cofactor (46) , the majority of InsP 6 binding sites may already be occupied in a cell lysate, and structurally closely related 1 and 2 would predominantly isolate 5PP-InsP 5 binding proteins, accounting for their similar proteomic profiles in our assay. Because our objective was to provide a first global picture of the protein-interacting partners of the highly phosphorylated inositols, the results of enrichments with reagents 1 and 2 were evaluated together in subsequent experiments. Processes. GO analysis of the InsP 6 and 5PCP-InsP 5 protein targets using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (47, 48) showed a significant overrepresentation (P < 10 −3 ) of nuclear and nucleolar processes. Proteins that localize to the nucleolus were highly enriched (P = 3.1 × 10
), including components of RNA polymerase I complex, RNA polymerase III complex, and small nucleolar ribonucleoproteins (P = 2.5 × 10 ), consistent with the data on cellular localization. This analysis strongly implies a role for the highly phosphorylated inositols in ribosome biogenesis. Indeed, a recent report described a direct function of the PP-InsPs in ribosome biogenesis, by controlling RNA polymerase I activity (25) .
The overrepresentation of GO terms related to RNA biology may be artificially inflated by the possible predilection of the negatively charged inositol head groups to interact electrostatically with arginine-rich motifs (ARMs) in RNA-binding proteins (49, 50) . Therefore, we determined the percent composition of arginine of all 89 proteins and compared it to the whole yeast proteome (Dataset S3). We observed no significant difference between the two groups (SI Appendix, Table S1 ), indicating that the affinity reagents did not preferentially interact with argininerich proteins. In addition, DAVID provides information on common protein folds or domains. We explored whether structural commonalities between the isolated InsP 6 /5PP-InsP 5 binding proteins existed, but no such domains, nor ARM domains, were identified within the current dataset. Lastly, 70 of the 89 proteins are characterized phosphoproteins (P = 3.8 × 10 −13 ; SI Appendix, Fig. S3 ), suggesting a connection between the InsPs and phosphorylation-based cellular signaling pathways. A search for motifs within these 89 proteins that are likely to be phosphorylated by specific kinases revealed a broad range of consensus sites; among the most frequent ones were sites for ribosome biogenesis and tRNA synthetase-associated kinase (Rtk1), casein kinase alpha subunit (Cka1), and Pkb-activating Kinase homolog (Pkh2; Dataset S4).
InsP 6 and 5PCP-InsP 5 Protein Interactions Reveal Targets of
Pyrophosphorylation. Among the enriched proteins were the known InsP 6 /5PP-InsP 5 -interacting proteins Ddp1, the yeast diphosphoinositol polyphosphate hydrolase, and casein kinase 2 (51, 52), although with low abundance. Much more pronounced was the isolation of proteins that are known to undergo pyrophosphorylation, a posttranslational modification that is mediated by the PP-InsPs (23) . In fact, five of the seven characterized pyrophosphorylation targets from S. cerevisiae were among the proteins most highly enriched by our reagents (Dataset S1). Fig. 3 . The affinity reagents isolate a specific set of proteins in the presence of magnesium ions. GO analysis of proteins enriched with magnesium ions present, using GO terms related to cellular compartment, molecular function, and biological process, is shown (see also Dataset S2). Because reagents 1 and 2 were effective at isolating established pyrophosphorylation targets, we wondered whether the proteininteraction partners comprised additional substrates of protein pyrophosphorylation.
Six proteins (Ypi1, yeast phosphatase inhibitor 1; Nop15, nucleolar protein 15; Has1, helicase associated with Set1; Svf1, survival factor 1; Sso1, plasma membrane t-SNARE; and Kgd2, α-ketoglutarate dehydrogenase 2) were selected from the list of InsP/PP-InsP-protein targets, to explore their proclivity to undergo pyrophosphorylation in vitro. These particular proteins were chosen because they cover a wide range of cellular functions and processes, and their interactions with reagents 1 and 2 were exclusively observed in the presence of magnesium cations (for magnesium-free conditions, see Affinity Reagents Devoid of Magnesium Ions Isolate a Distinct Set of Protein Targets). The six recombinant GST-fusion proteins were expressed and purified from S. cerevisiae to ensure the necessary prephosphorylation by endogenous protein kinases. In addition, we expressed GSTNsr1, a readily pyrophosphorylated protein (23) , as a positive control, and GST-Aad4 and GST alone as negative controls (Aad4 was arbitrarily chosen, it was not identified in any of the proteomic datasets). To see whether in vitro pyrophosphosphorylation could occur on these substrates, the proteins were treated with β[
32 P]5PP-InsP 5 for 40 min at 37°C. The reaction mixtures were boiled in sample buffer, resolved by SDS/PAGE, and transferred to a PVDF membrane, and the 32 P signals were detected by autoradiography. As expected, a strong signal was observed for GST-Nsr1, consistent with covalent modification by β[
32 P]5PP-InsP 5 , whereas the control proteins GST and GST-Aad4 were not modified with the radiolabel (Fig. 4A, lanes  2-4) . In contrast to the negative control proteins, four of the six tested proteins displayed a robust signal from radiolabeling (Fig.  4A, lanes 5-10) , indicative of protein pyrophosphorylation. Alignment of the bands from the autoradiogram with the signals from accompanying anti-GST Western blots confirmed that the fusion proteins GST-Ypi1, GST-Svf1, and GST-Kgd2 corresponded to the pyrophosphorylated species ( Fig. 4A and SI Appendix, Fig. S4 ). However, for GST-Nop15, the major band in the autoradiogram exhibited a higher molecular mass than the confirmed migration of GST-Nop15. MS-based proteomic analysis of the region of the gel displaying strong radioactivity revealed that the Nop15-interacting protein pumilio-homology domain family (Puf6) is the most abundant species, suggesting that Puf6, rather than Nop15, is a substrate of pyrophosphorylation by β[ 32 P]5PP-InsP 5 . We validated this hypothesis by expressing and purifying GST-Puf6 from S. cerevisiae and subjecting it to treatment with β[ 32 P]5PP-InsP 5 . As predicted, a band in the autoradiogram was visible for GST-Puf6, migrating at the correct molecular mass (Fig. 4B) .
Previous work by our group showed that the nonhydrolyzable analog 5PCP-InsP 5 can inhibit 5PP-InsP 5 mediated pyrophosphorylation of Nsr1 (37) . In addition, in the case of GST-Puf6 and GST-Svf1, the pyrophosphorylation reaction was effectively inhibited by the addition of excess 5PCP-InsP 5 (SI Appendix, Fig.  S5 ). Because InsP 6 -affinity reagent 1 isolated these proteins as well (Dataset S1), we tested the ability of InsP 6 to inhibit pyrophosphorylation, which was indeed the case. Overall, we discovered several targets of protein pyrophosphorylation, which include a phosphatase regulatory subunit (Ypi1), a protein relevant to cell survival and diauxic shift (Svf1), a ribosomal protein (Puf6), and an important mitochondrial enzyme (Kgd2). Contrary to all other characterized pyrophosphorylation targets, Kgd2 does not contain a casein kinase consensus motif, indicating Reactions were quenched, heated, resolved by SDS/PAGE, transferred to PVDF membranes, and visualized by autoradiography. Protein loading was analyzed by Western blot of the PVDF membrane with an anti-GST antibody (see also SI Appendix, Fig. S4 ). The predicted molecular masses are as follows: GST-Nsr1, 71 kDa; GST, 26 kDa; GST-Aad4, 63 kDa; GST-Ypi1, 44 kDa; GST-Nop15, 51 kDa; GST-Has1, 83 kDa; GST-Svf1, 80 kDa; GST-Sso1, 59 kDa; and GST-Kgd2, 76 kDa. All pyrophosphorylation reactions were confirmed in at least one additional independent experiment. (B) GST-Puf6 is a pyrophosphorylation substrate, confirmed by the experimental procedure outlined in A. ,  Table S2 ).
that pyrophosphorylation may not be limited to substrates primed by the constitutively active kinase CK2.
Affinity Reagents Devoid of Magnesium Ions Isolate a Distinct Set of
Protein Targets. Although affinity enrichment with reagents 1 and 2 isolated the known InsP 6 -interacting proteins Ddp1 and Cka1 from a yeast cell lysate, these first experiments failed to produce other characterized binding partners, including the kinases involved in InsP biosynthesis. Inspection of several crystal structures of InsP 6 -protein complexes exposed a theme in which large, highly positively charged regions bound to the negatively charged inositol phosphate, completely devoid of any metal cations (SI Appendix, Fig.  S6 ) (19, 53, 54) . Consequently, we repeated the affinity enrichments using "metal-free" conditions, where lysis, washing, and elution buffers contained 1 mM EDTA. The metal chelator will remove divalent and trivalent cations, which interact tightly with the highly phosphorylated inositols (44, 45) . Addition of EDTA significantly altered the protein interactions of reagents 1 and 2, and the majority of the 82 proteins that were isolated with EDTA present had not been enriched in the presence of magnesium ions (Fig. 5A and Dataset S1). Among the isolated proteins were the enzymes involved in PP-InsP synthesis, Kcs1 (protein kinase C1 suppressor), and Vip1 kinase. Furthermore, Gpm1 (phosphoglycerate mutase 1), a protein known to bind to InsP 6 (54) , was retained by reagents 1 and 2, as well as Pho81, a protein proposed to interact with 1PP-InsP 5 (55), a less abundant PP-InsP 5 isomer, to mediate phosphate sensing in yeast. Identification of several known InsP-and PP-InsP-interacting partners confirmed the efficiency of the affinity reagents under conditions controlling metal cation availability. However, it should be noted that some of these InsP-protein interactions may be more transient in a cellular setting, where InsPs are likely to form strong complexes with magnesium (43, 44) .
GO analysis of this set of InsP 6 and 5PCP-InsP 5 targets showed that the highly phosphorylated inositols preferentially interacted with proteins involved in nucleotide metabolism, polyphosphate metabolism, and carbohydrate metabolism (P = 4.5 × 10 , and 2.8 × 10 −4 respectively; Fig. 5B and Dataset S2). Furthermore, the highly phosphorylated inositols appear to regulate processes in tRNA acylation and maintenance of cellular pH (P = 3.7 × 10 −4 and 8.0 × 10
−4
). Finally, 67 of the 82 proteins are known phosphoproteins (P = 4.0 × 10 −14
; SI Appendix, Fig. S3 and Dataset S4), again highlighting a close connection between the InsPs and the cellular signaling machinery. , and P = 8.4 × 10 −4 , respectively; Dataset S2). This observation is substantiated by a recent report that InsP 6 /5PP-InsP 5 can target basic binding surfaces of SPX domain-containing proteins, thereby triggering the association of SPX proteins with specific transcription factors to regulate phosphate homeostasis in plants (56) . Whether the highly phosphorylated inositols could also target VTC domains was a question that had not been addressed; therefore, Vtc4 (vacuolar membrane polyphosphate polymerase) was chosen for additional characterization. Vtc4 catalyzes the synthesis of inorganic polyphosphate (polyP), and, in complex with its VTC complex components Vtc1, Vtc2, and Vtc3, promotes the subsequent transfer of polyP to the vacuole. In Vtc4, the VTC domain interacts with the growing polyphosphate chain and could potentially provide a binding site for the highly phosphorylated inositols (SI Appendix, Fig. S3 ) (57) . Vtc4, together with Vtc2 and Vtc3, were highly enriched in the eluted fractions from affinity reagents 1 and 2 (Dataset S1).
We expressed and purified a recombinant truncated version of Vtc4, His-Vtc4*, that contained the VTC domain, but not the SPX domain (60) . Despite lacking the SPX domain, the purified protein bound strongly to reagents 1 and 2, but not to the control resin (Fig. 6A) . The interaction of the VTC domain of Vtc4 with 1 and 2 could be disrupted by subsequent elution with either InsP 6 or 5PCP-InsP 5 , and qualitatively, reagents 1 and 2 were equally effective at retaining the truncated HisVtc4*. Interestingly, Mayer and coworkers observed similar affinities of InsP 6 and 5PP-InsP 5 toward the SPX domains in biochemical experiments; however, 5PP-InsP 5 was a much stronger activator of polyP synthesis when isolated yeast vacuoles-containing intact VTC complexes-were used (56) . To investigate whether pyrophosphorylation is involved in the regulation of Vtc4, we expressed and purified full-length Vtc4 from S. cerevisiae. Although the high efficacy of 5PP-InsP 5 to stimulate the catalytic activity of Vtc4 may point to a role for protein pyrophosphorylation, we deemed that mechanism unlikely because the Vtc4-PP-InsP interaction did not depend on the presence of magnesium ions, which are a required cofactor for pyrophosphorylation. Indeed, when full-length Vtc4 was treated with β[
32 P]5PP-InsP 5 in the presence of magnesium ions, we observed no labeling of the protein substrate (Fig. 6B) .
In the future, a more stringent characterization of the sites of interaction, the effect of the different PP-InsP isomers, and the cooperation of the VTC and SPX domain binding sites in the context of the whole Vtc complex will be of great interest, because it can provide a mechanistic rationale for cellular phosphate homeostasis in yeast.
Discussion
Enormous efforts to elucidate the function of lipid-anchored phosphoinositides have uncovered the code among these secondary messengers over the past decades. In contrast, annotating the signaling functions of the soluble inositol phosphates has been slow, stymied by the lack of methods to decipher their mechanisms of action. The synthesis of affinity reagents 1 and 2 is a first step toward meeting this need. Using the affinity reagents, we were able to isolate numerous proteins from an S. cerevisiae cell lysate that were known to interact with InsP 6 and 5PP-InsP 5 , including several proteins involved in PP-InsP metabolism. Furthermore, a large additional set of putative InsP 6 / 5PP-InsP 5 -interacting proteins was identified, providing an initial survey of InsP 6 -and 5PP-InsP 5 -dependent signaling events. The majority of InsP 6 -and 5PP-InsP 5 -interacting proteins were phosphoproteins, suggesting an important regulatory role for the InsPs within cellular signaling pathways. Compared with a recently published study on mammalian InsP 6 -interacting proteins (35), we observed little overlap. Burgess and coworkers focused on cytosolic extracts from mammalian cells and consequently enriched a large number of phosphatidyl inositol binding proteins as potential InsP 6 targets. In our experiments, whole-cell lysates from yeast were used, and a theme of nuclear centrality emerged among the putative InsP 6 -and 5PP-InsP 5 -interacting proteins. For example, the InsPs/PP-InsPs affinity reagents isolated a disproportionally large number of proteins important for ribosome biogenesis and maturation. Ribosome biogenesis is controlled by the activity of the protein kinase complex TORC1 and constitutes a heavy toll on cellular energy consumption (58) . It therefore appears logical that several cellular surveillance mechanisms cooperate, including one that reports both on cellular energy status and phosphate availability, via the InsPs/PP-InsPs. Cellular energy status also needs to be communicated to central metabolic pathways, and the InsPs/PP-InsPs provide critical connections with proteins involved in nucleotide metabolism, polyphosphate metabolism, and carbohydrate metabolism, as revealed by our affinity reagents.
Although a few examples of specific protein interactions with either InsP 6 or 5PCP-InsP 5 exist within our data, the majority of proteins appeared to have comparable affinities for InsP 6 and 5PCP-InsP 5 . Considering that the cellular concentration of 5PP-InsP 5 amounts to only 2-5% of the concentration of InsP 6 (5, 6) , the lack of specific 5PP-InsP 5 -interacting proteins was surprising, because it suggests that InsP 6 may compete with 5PP-InsP 5 binding sites within cells. How can PP-InsPs then act as specific signaling molecules to regulate downstream signaling events without interference from the structurally similar InsP 6 ? We posit that various factors could be responsible for the observed phenomenon. First, the specificity of our reagents may be partially compromised because of the linker attachment at the 2-position. Certain proteins may require a phosphate monoester at the 2-position for efficient binding. As a result, our data may be biased toward proteins that are more tolerant of substitution at the 2-position; hence, the observed overlap between reagents. To address this issue in the future, we are investigating alternative immobilization strategies that will present the InsPs in multiple orientations.
The observed overlap could also be attributed to the fact that InsP 6 serves as a structural cofactor, permanently occupying the binding sites on protein targets, and thereby making these sites unavailable for reagents 1 and 2. Consequently, reagents 1 and 2 would principally isolate 5PP-InsP 5 binding proteins, which could explain the similar proteomic profiles in our assay. Alternatively, Shears et al. have recently put forward the interesting idea that signaling by PP-InsPs is evolutionarily ancient, and, as a result, the molecules InsP 6 and 5PP-InsP 5 may have partially overlapping functions (7) . Very similar affinities of InsP 6 and 5PP-InsP 5 were, for example, observed toward PtdInsP 3 -binding domains (59) . It was proposed that more stereospecific interactions of PP-InsP messengers may have evolved more recently with the advent of PPIP5 kinases (7), which add a β-phosphoryl group to InsP 6 and 5PP-InsP 5 at the 1-position, yielding the metabolites 1PP-InsP 5 and 1,5(PP) 2 -InsP 4 , respectively. It will be interesting to test this hypothesis in the future, by designing the corresponding affinity reagents. Finally, the major difference in signaling properties between InsP 6 and 5PP-InsP 5 could stem from the fact that 5PP-InsP 5 can participate in phosphoryltransfer chemistry, whereas InsP 6 cannot.
With magnesium ions present in the washing and elution buffers, we isolated the majority of known pyrophosphorylation substrates, an observation that is important for a number of reasons. First, the capture of pyrophosphorylation substrates directly implies a specific interaction between 5PP-InsP 5 and its protein targets and suggests that specificity in pyrophosphorylation reactions can, in part, be achieved by selective recognition between the PP-InsP species and the protein substrate. Secondly, the magnesium dependence for isolating pyrophosphorylation targets implies that the interactions between the highly phosphorylated inositols and the protein substrates are metal-mediated. Although a physical interaction of the negatively charged InsP with a negatively charged polyacidic sequence (which is typically encountered around pyrophosphorylation sites) (23) on the protein surface may have seemed counterintuitive, a PP-InsP-magnesium complex could be recognized by a flexible stretch of acidic amino acids on the pyrophosphorylation substrates. Lastly, given the significant enrichment of known pyrophosphorylation targets, our list of binding proteins may contain novel substrates of protein pyrophosphorylation. Indeed, when we tested six of these putative pyrophosphorylation targets, four of them yielded a robust signal for pyrophosphorylation. Certainly, new analytical methodologies for direct identification and characterization of this posttranslational modification are much needed, but our current data provide an unexpected, yet promising, starting point for exploring protein pyrophosphorylation.
To date, no crystallographic data are available for any of the previously characterized pyrophosphorylation sites, but presumably these polyacidic regions recognize and bind to PP-InsP-magnesium complexes. These magnesium-dependent binding sites must differ starkly from the structurally characterized InsP/PP-InsP binding pockets that do not require magnesium. The latter group of InsP/ PP-InsP-interacting partners are likely better captured by the group of proteins we isolated in the presence of EDTA, in which the high negative charge of the InsPs/PP-InsPs is neutralized by lysine and arginine side chains within the positively charged binding pockets. A picture thus emerges in which the InsPs/PP-InsPs can interact with two different types of binding sites on proteins, depending on their complexation with magnesium. Whether the basic sites are typically targeted by the PP-InsPs for allosteric regulation and the acidic stretches predominantly constitute pyrophosphorylation sites remains to be seen. Surely, however, the PPInsPs can access two distinct modes of action, to mediate such a wide array of signaling and metabolic functions.
Conclusions
Overall, the InsPs and PP-InsPs interact with signaling and metabolic networks via two different mechanisms, protein binding and protein pyrophosphorylation. The large majority of proteins that were isolated with affinity reagents 1 and 2 were previously not characterized to exhibit high affinity toward the InsPs/PP-InsPs, and thus constitute a useful resource for the community. Interestingly, most newly identified proteins are known phosphoproteins, immediately implying an important link between the highly phosphorylated inositols, and phosphorylation-based signaling networks. Furthermore, ribosome biogenesis, a process that consumes a large amount of energy, appears to be tightly regulated by the PP-InsPs. Here the PP-InsPs may serve as "metabolic messengers" (60) , to report on cellular energy status and phosphate availability. Energy status also needs to be evaluated by the metabolic circuits of the cell, and the InsPs/PP-InsPs interact with multiple proteins involved in nucleotide metabolism, polyphosphate metabolism, and carbohydrate metabolism. Lastly, protein pyrophosphorylation, underappreciated in the past, has the potential to be a widespread signaling mechanism. In addition to known nucleolar pyrophosphorylation substrates, we characterized additional targets, illustrating the broad range of processes that are potentially regulated by this unusual modification. In nature's ever expanding repertoire of posttranslational modifications, the direct modification of phosphoproteins via a reactive metabolite would provide an elegant regulatory mechanism to communicate cellular energy status to phosphorylation-based signaling pathways.
Materials and Methods
Validation of Reagents 1, 2, and C Using hDIPP1. A 100-μL suspension of the beads 1, 2, and C in storage solution [2% (wt/vol) sodium azide in water] was washed three times with 1.0 mL of buffer M (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Triton X-100, and 1 mM MgCl 2 ), and a solution of 5 μg of GST-hDIPP1 and 5 μg of His-hDIPP1 in buffer M was added at 4°C. After incubation for 2 h, the supernatants were removed, and the beads were washed with buffer M (three times with 1.0 mL). For elution, the beads were treated with a solution of either 10 mM InsP 6 or 10 mM 5PCP-InsP 5 in buffer A (0.2 mL; 50 mM Tris, pH 7.5, 150 mM NaCl, and 0.05% Triton X-100) at 4°C for 4 h. The eluents were mixed with SDS sample buffer, and all samples were boiled for 5 min and resolved by SDS/PAGE, followed by silver staining. For experiments involving cell lysate, S. cerevisiae cell lysate was prepared from a log phase culture. Briefly, a pellet from a 50-mL culture was treated with 600 μL of buffer A with protease and phosphatase inhibitors; glass beads were added, and cells were lysed by FastPrep (MP Biomedicals). The protein concentration was determined by Bradford assay and a solution (900 μL containing 1 mg or 0.1 mg of protein) was prepared. A total of 5 μg of GST-hDIPP1, 5 μg of His-hDIPP1, and 10 μL of a 100 mM MgCl 2 solution were added to the lysate, and the mixture was exposed to a 100-μL suspension of the beads 1, 2, and C in buffer A. After binding and washing, hDIPP1 was eluted with a solution of InsP 6 (10 mM), resolved by SDS/PAGE, and visualized by silver staining.
Affinity Enrichment from S. cerevisiae Proteome Using Reagents 1, 2, and C. A 200-μL suspension of reagents 1, 2, and C in storage solution [2% (wt/vol) sodium azide in water] was washed with buffer M (three times with 1.0 mL) or buffer E (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Triton X-100, and 1 mM EDTA, three times with 1.0 mL) at 4°C before treatment with 1 mL of cell lysate from S. cerevisiae (1 mg/mL in buffer A), which was prepared from a log-phase culture (see above). An EDTA-free protease inhibitor mixture was used to prepare the cell lysates, to ensure accurate control over the amounts of EDTA and magnesium ions in the samples. The mixtures were shaken for 2 h at 4°C before removal of the supernatants. The beads then were washed three times with the buffer M or buffer E and eluted with InsP 6 elution buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Triton X-100, 1 mM EDTA, and 20 mM InsP 6 ). The eluted fractions were mixed with 4× SDS sample buffer, boiled, and resolved by SDS/PAGE.
Identification of Pyrophosphorylation Substrates. S. cerevisiae strains containing the constructs for GST-Nsr1, GST, GST-Aad4, GST-Nop15, GST-Has1, GST-Svf1, GST-Sso1, GST-Puf6, GST-Vtc4, GST-Ypi1, and GST-Kgd2 were grown in synthetic dextrose lacking uracil with 2% raffinose and induced by the addition of galactose (to a final concentration of 4%) for 4 h. The cells were lysed as described above, and the GST-tagged proteins were purified by using glutathione beads (GE Healthcare) following the supplier instructions, except for using buffer A for bead washing, and containing protease inhibitors and phosphatase inhibitors. While still on beads, the purified recombinant proteins were treated with ∼1 μM β[ 
